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ABSTRACT 
 
 
 
 
The unique properties of multi-walled carbon nanotubes (MWCNTs) attract 
enormous attentions as promising nanomaterials for numerous applications. In this 
research, the growth of MWCNTs using direct current (DC) arc discharge plasma 
under magnetic field effect in different ambient environments and pressures were 
investigated. Arc plasma was generated inside a vacuum chamber by contact ignition 
between two graphite rods. A DC power supply was used to supply an arc current of 
70 A and a voltage of 12 V across the graphite rods. Magnetic field was applied in 
transverse and axial configurations with field strength of 30 mT. Arc discharge 
experiments were conducted in air, hydrogen and argon environment for different 
ambient pressures of 10-2, 10-1, 1, 101 and 102 mbar. The structural and physical 
properties of MWCNTs were characterized using Transmission Electron Microscopy, 
Field Emission Scanning Electron Microscopy, Raman spectroscopy, Fourier 
Transform Infra-red spectroscopy and X-Ray diffractometry. Results showed that 
MWCNTs growth in arc discharge plasma was significantly influenced by the ambient 
environment, gas pressure, axial and transverse magnetic field. The applied transverse 
magnetic field on arc discharge plasma enhanced the growth of MWCNTs with smaller 
tube dimeter. The axial magnetic field on the other hand allowed the growth of long 
tubular structure with lesser impurities as observed under electron microscope. Results 
from Raman spectroscopy showed that high rise of G band as compared with D band 
indicates high rise of graphitic structure of MWCNTs. The MWCNTs quality was 
measured in terms of intensity ratio of the peak D band to the peak G band. High 
quality MWCNTs with less defective sites were obtained for sample prepared in 
hydrogen environment. The increase in the length of the MWCNTs was observed for 
sample prepared in the presence of inert gas argon. In conclusion, high quality 
MWCNTs were successfully synthesized using magnetic field assisted arc discharge 
technique. 
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ABSTRAK 
 
 
 
 
Keunikan sifat pelbagai lapisan karbon tiub nano (MWCNTs) menarik banyak 
perhatian  sebagai  bahan nano yang unggul  untuk pelbagai kegunaan. Dalam 
penyelidikan ini,  pertumbuhan MWCNTs menggunakan arus terus (DC) nyahcas 
plasma arka dibawah kesan medan magnet dalam persekitaran dan tekanan berbeza 
telah diselidiki. Plasma arka yang terjana didalam ruangan vakum melalui cucuhan 
sentuhan antara dua rod grafit. Sumber kuasa DC digunakan untuk menyalurkan arus 
arka 70 A dan voltan 12 V merentasi rod grafit. Medan magnet dikenakan secara 
konfigurasi melintang dan menegak dengan kekuatan medan sebanyak 30 mT. 
Eksperimen nyahcas arka dijalankan dalam persekitaran udara, hidrogen, dan argon 
pada tekanan  berbeza iaitu 10-2, 10-1, 1, 101 dan 102 mbar. Struktur dan sifat fizikal 
MWCNT dicirikan menggunakan Mikroskop Transmisi Elektron, Mikroskop 
Pengimbas Medan Pelepasan Elektron, Spektroskopi Raman, Spektroskopi 
Transformasi Fourier Infra-Merah dan pembelauan Sinar-X.  Keputusan menunjukkan 
MWCNTs tumbuh melalui nyahcas plasma arka amat dipengaruhi oleh faktor 
persekitaran, tekanan gas, medan magnet melintang dan menegak. Medan magnet 
secara melintang dikenakan pada nyahcas plasma arka meningkatkan pertumbuhan 
MWCNTs dengan diameter tiub bersaiz kecil. Selain itu, kesan medan magnet secara 
menegak menghasilkan struktur tiub yang panjang dengan bendasing yang rendah 
seperti yang diperhatikan dibawah mikroskop elektron. Keputusan spektroskopi 
Raman menunjukkan kenaikan tinggi puncak G berbanding puncak D menunjukkan 
kadar struktur grafitik yang tinggi pada MWCNTs. Kualiti MWCNTs diukur dengan 
menentukan nisbah keamatan puncak jalur D kepada puncak jalur G. MWCNTs 
berkualiti tinggi dengan kecacatan yang rendah diperoleh bagi sampel yang dihasilkan 
didalam persekitaran hidrogen. Peningkatan panjang MWCNTs dapat dilihat pada 
sampel yang dihasilkan dalam gas lengai argon. Kesimpulannya, MWCNTs berkualiti 
tinggi telah berjaya disintesiskan menggunakan kesan medan magnet berbantukan 
teknik nyahcas plasma arka.
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CHAPTER 1 
 
 
 
  
INTRODUCTION 
 
 
 
 
1.0 Background of study 
Nanotechnology has brought up a new era of fascinating atomic scale study.  
While pursuing technological advances, carbon element come out with spectacular 
nanostructure designated in 0D, 1D, and 3D honeycomb lattice structure. Carbon 
nanotube is one of the carbon allotropes build from 1D sp2 hybridized bonding of 
carbon atom. Carbon nanotube was accidentally founded in 1991 during an arc 
discharge process of synthesize buckyball structure of carbon [1]. The unique 
properties of carbon has tremendously pledge researcher to exploit advantage of 
carbon nanotube for vast application from small scale nano size device [2] to macro 
size golf club [3] .   
Carbon nanotube is a form of straw-like structure made of single layer of 
carbon atom recognized as Single Walled Carbon Nanotube (SWCNT). In different 
ways the carbon atom bound together and defines whether SWCNT has metallic or 
semiconductor properties. The tube can even exist in Multi-layer form by spacing 0.34 
nm. The band gap of semiconductor nanotube depends on the configuration and 
diameter of the tube [4]. This remarkable structure builds up from hexagonal lattice 
structure of carbon atom layer bind by strong covalent bond. The delocalized  orbital 
of sp2 hybridized orbital enables high electron transport in carbon nanotube structure.  
The unique carbon nanotube properties are its high tensile strength maximum 
100 GPa [5], high thermal  conductivity 2000 Wm-1 K [6], and high electrical 
conductivity 10,000 S m-1 [7]. Carbon nanotube is strong but lightweight and highly 
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flexible. The high elasticity also makes carbon nanotube absorb high kinetic energy. 
Likewise this makes carbon nanotube a good material to use as functional structure 
which can withstand high temperature and high conductivity for electrical and 
electronics application and also for high durable mechanical application technology. 
In particular carbon nanotube structure can be modified for desirable application. 
Hemispherical cap can be open and the tube can be filled with nanoparticle for drugs 
delivery applications [8]. Chemical functional groups are able to attach with carbon 
nanotubes sidewall or body [9] for variety of application. Carbon nanotube composite 
certainly used for many applications including photovoltaic solar cells  [10] and 
sporting goods [11], nanoprobe [12], nano-electronic integrated circuit [13], 
stretchable sensors [14], and nanowire for supercapacitor and battery application [15]. 
Carbon nanotube can unzipped into form of graphene nano ribbon for memory device 
and processing device application [16, 17]. 
Typically, there are three main techniques used to synthesize carbon nanotube; 
arc discharge, laser ablation, and chemical vapour deposition (CVD). In vacuum arc 
discharge, plasma is generated between the different potential of electrodes. This 
generated plasma then releases highly energetic carbon particle from anode toward 
cathode contact area. The high erosion of anode from arc discharge induces carbon 
nanotube growth. The arc discharge technique has an advantage to grow carbon 
nanotube efficiently as it does not require high cost such as laser and delivers in shorter 
time as compared to CVD process. In addition, the arc discharge technique is capable 
to grow straight, highly crystalline and highly graphitized carbon nanotube structure 
[18]. 
 
 
 
 
1.1 Problem Statement  
 Carbon nanotube grows in high temperature process. Many different 
techniques have been employed  enabling growth for carbon nanotube including arc 
discharge [1], laser assistance grow [19], thermal growth [20] and chemical vapor 
deposition [21]. There are many technique that have been used to synthesize carbon 
nanotube. The arc discharge technique is one of the efficient technique to grow fast 
fine structure carbon nanotube. Arc plasma recognized as one of efficient method to 
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grow carbon nanotube among others because it is fast and able to grow highly 
crystalline and graphitized tube structure. The growth phenomena of this fascinating 
nanostructure is still on-going debate by many researcher. However, the condition 
applied will give significant impact on the growth of carbon nanotube structures.  
Close contact between electrodes can lead to ignition spark to generate arc 
plasma. The ionization of carbon releases electron   creating current within electron 
through a plasma bridge. Highly erosion anode feed ionic carbon to grow fine 
nanostructure at cathode deposit. In arc discharge method, arc plasma play important 
role towards the growth of carbon nanostructure. The physical parameter such as 
applied voltage and current, external magnetic field, electrode geometry and 
dimension, ambient environment and pressure, have very strong influence on the 
dynamics of plasma thus certainly affect the growth of carbon nanotube structure. 
The ionization of carbon release caused current flows within the electrons 
through the plasma. There are several issues regarding carbon nanotube growth in arc 
discharge process including entanglement, by product growth, low density grows, and 
lack of graphitic structure.  These are caused by non-uniform plasma expansion. In the 
arc discharge process, the two contacting graphite electrodes by small gaps will create 
arc plasma which will then evaporate carbon material and deposit carbon nanotube at 
the cathode surface area. The effect of physical parameters including current and 
voltage applied, electrode dimensions, also ambient environment and pressure onto the 
arc plasma will affect the growth of carbon nanotube structure. The optimization of 
physical parameter will enhance plasma stability and contribute toward optimized 
growth of carbon nanotube [22]. 
         The novelty of this study is by applying magnetic field in the axial and 
transverse configuration assisted onto arc plasma to grow carbon nanotube under 
different ambient environment and pressure. This research will focus on the grow 
phenomena and the physical properties of carbon nanotubes based on different 
physical parameters. The discharge process is carried out in different pressures ranging 
from 10-2 to 102 mbar in three different environments; hydrogen, argon, and air. The 
growth of carbon nanotube structure in presence of magnetic field in different 
environment and pressure has been investigated comprehensively The nanotube 
samples collected will be analyzed comprehensively under different microscopic and 
spectroscopic techniques. 
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1.2 Objectives  
The main objective of the study is to investigate in details the effect of magnetic 
field toward the growth of carbon nanotube by arc discharge technique in different 
ambient conditions. The specific objectives are to: 
i. Investigate growth of carbon nanotube by magnetic assisted arc 
discharge process by transverse and axial magnetic field configuration 
with field strength 30mT. 
ii. Determine the effect of ambient environment including Air, Hydrogen, 
and Argon and different pressures applied at 10-2, 10-1, 1, 101, and 102 
mbar on the growth of carbon nanotube. 
iii. Characterize the growth of carbon nanotube using microscopic and 
spectroscopic techniques.  
 
 
 
 
1.3 Scope of Study 
Experiment has been conducted  with electrode made of high purity 99.999% 
graphite with anode dimension outer and inner diameter used were 9 mm and 5.5 mm 
while cathode diameter 12 mm. The hole for inner diameter has depth 5 cm. Constant 
Magnetic field with strength 30 mT has been applied across arc plasma in transverse 
and axial configuration. Three different ambient environments have been applied in 
this study, air, hydrogen, and argon. Five different pressure has been applied in this 
study, 10-2, 10-1, 1, 101, 102 mbar. Sample of carbon nanotube is collected on cathode 
deposit. The samples are analysed under electron microscopy, Raman Spectroscopy, 
X-Ray diffraction, and Fourier transform Spectrophotometer. 
 
 
 
1.4 Significance of Study 
The study significantly contributes to the understanding towards optimize 
growth of carbon nanotube and role of external magnetic field. The carbon nanotube 
structural properties and characteristic grow in different magnetic configuration 
applied across arc plasma in different ambient environment and pressure are outlined 
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in this study. The combination of all carbon nanotube features and characteristic will 
construct a database for optimization of the technique used for further practical 
application. 
 
 
 
 
 
1.5 Thesis  Organization 
 The first chapter presents an overview of carbon nanotube structure, research 
background, problem statement, objectives, and scope of study. The second chapter 
provides    a review of related literature on nanotube nanostructure and its physical 
properties, different technique to synthesize carbon nanotube, factor influence carbon 
nanotube growth, and the application of carbon nanotube. In the third chapter, the 
methodology and research framework are discussed in details. This chapter described 
the equipment used, experimental setup, details of reaction chamber, parameter 
manipulation, and experimental procedure.  The fourth chapter presents the results of 
characterization of carbon nanotube sample by direct and indirect method using TEM, 
FESEM, Raman, XRD, FTIR, and TGA. Chapter five, the final chapter presents the 
summary of the entire study, discusses conclusion and some recommendation for 
future study of this unique nanomaterial.   
119 
 
REFERENCES 
1. Iijima, S., Helical microtubules of graphitic carbon. nature, 1991. 354(6348): 
p. 56-58. 
2. Cao, Q., et al., Origins and Characteristics of the Threshold Voltage 
Variability of Quasiballistic Single-Walled Carbon Nanotube Field-Effect 
Transistors. ACS nano, 2015. 9(2): p. 1936-1944. 
3. Murr, L.E., Examples of Man-Made Composite Structures, in Handbook of 
Materials Structures, Properties, Processing and Performance. 2015, 
Springer. p. 451-464. 
4. Matsuda, Y., J. Tahir-Kheli, and W.A. Goddard III, Definitive band gaps for 
single-wall carbon nanotubes. The Journal of Physical Chemistry Letters, 
2010. 1(19): p. 2946-2950. 
5. Jensen, B.D., K.E. Wise, and G.M. Odegard, Simulation of the Elastic and 
Ultimate Tensile Properties of Diamond, Graphene, Carbon Nanotubes, and 
Amorphous Carbon Using a Revised ReaxFF Parametrization. The Journal of 
Physical Chemistry A, 2015. 119(37): p. 9710-9721. 
6. Balandin, A.A., Thermal properties of graphene and nanostructured carbon 
materials. Nature materials, 2011. 10(8): p. 569-581. 
7. Cheng, Q., et al., Graphene and carbon nanotube composite electrodes for 
supercapacitors with ultra-high energy density. Physical Chemistry Chemical 
Physics, 2011. 13(39): p. 17615-17624. 
8. Thakare, V.S., et al., Carbon-Based Nanomaterials for Targeted Drug 
Delivery and Imaging, in Targeted Drug Delivery: Concepts and Design. 2015, 
Springer. p. 615-645. 
9. Gupta, V. and T. Saleh, Syntheses of Carbon Nanotube-Metal Oxides 
Composites; Adsorption and Photo-degradation. Carbon Nanotubes - From 
Research to Applications. 2011. 
10. Jeon, I., et al., Direct and Dry Deposited Single-Walled Carbon Nanotube 
Films Doped with MoO x as Electron-Blocking Transparent Electrodes for 
120 
Flexible Organic Solar Cells. Journal of the American Chemical Society, 2015. 
137(25): p. 7982-7985. 
11. Harifi, T. and M. Montazer, Application of nanotechnology in sports clothing 
and flooring for enhanced sport activities, performance, efficiency and 
comfort: a review. Journal of Industrial Textiles, 2015: p. 1528083715601512. 
12. Singhal, R., et al., Multifunctional carbon-nanotube cellular endoscopes. 
Nature Nanotechnology, 2011. 6(1): p. 57-64. 
13. Sun, D.-m., et al., Flexible high-performance carbon nanotube integrated 
circuits. Nature nanotechnology, 2011. 6(3): p. 156-161. 
14. Yamada, T., et al., A stretchable carbon nanotube strain sensor for human-
motion detection. Nature nanotechnology, 2011. 6(5): p. 296-301. 
15. Ren, J., et al., Twisting Carbon Nanotube Fibers for Both Wire‐Shaped 
Micro‐Supercapacitor and Micro‐Battery. Advanced Materials, 2013. 25(8): 
p. 1155-1159. 
16. Terrones, M., et al., Graphene and graphite nanoribbons: Morphology, 
properties, synthesis, defects and applications. Nano Today, 2010. 5(4): p. 
351-372. 
17. Tiwary, C., et al., Chemical-free graphene by unzipping carbon nanotubes 
using cryo-milling. Carbon, 2015. 89: p. 217-224. 
18. Zhao, J., et al., Synthesis of straight multi-walled carbon nanotubes by arc 
discharge in air and their field emission properties. Journal of Materials 
Science, 2012. 47(18): p. 6535-6541. 
19. Rouleau, C.M., et al. Catalytic nanoparticles for carbon nanotube growth 
synthesized by through thin film femtosecond laser ablation. in SPIE LASE. 
2014. International Society for Optics and Photonics. 
20. Du, X., et al., Flame synthesis of carbon nanotubes onto carbon fiber woven 
fabric and improvement of interlaminar toughness of composite laminates. 
Composites Science and Technology, 2014. 101: p. 159-166. 
21. Dong, X., et al., Superhydrophobic and superoleophilic hybrid foam of 
graphene and carbon nanotube for selective removal of oils or organic solvents 
from the surface of water. Chemical Communications, 2012. 48(86): p. 10660-
10662. 
121 
22. Chaudhary, K.T., et al., Multiwalled Carbon Nanotube Synthesis Using Arc 
Discharge with Hydrocarbon as Feedstock. Journal of Nanomaterials, 2013. 
2013: p. 13. 
23. Dresselhaus, M.S. and M. Terrones, Carbon-Based Nanomaterials From a 
Historical Perspective. Proceedings of the IEEE, 2013. 101(7): p. 1522-1535. 
24. Vehmanen, V., et al., Ultrafast charge transfer in phytochlorin–[60]fullerene 
dyads: influence of the attachment position. Chemical Physics Letters, 2001. 
345(3–4): p. 213-218. 
25. Iijima, S., Helical microtubules of graphitic carbon. Nature, 1991. 354(6348). 
26. Dresselhaus, M.S., G. Dresselhaus, and P.C. Eklund, Chapter 2 - Carbon 
Materials, in Science of Fullerenes and Carbon Nanotubes. 1996, Academic 
Press: San Diego. p. 15-59. 
27. Dillon, A., et al. Carbon nanotube materials for hydrogen storage. in 
Conference Proceedings on US DOE Hydrogen Program Review. 2000. 
28. Han, M.Y., et al., Energy Band-Gap Engineering of Graphene Nanoribbons. 
Physical Review Letters, 2007. 98(20): p. 206805. 
29. Peres, N., Colloquium: The transport properties of graphene: An introduction. 
Reviews of Modern Physics, 2010. 82(3): p. 2673. 
30. Wenfeng, X. The Mechanical Properties of Carbon Fiber/Polylatide/Chitosan 
Composites. in Bioinformatics and Biomedical Engineering (iCBBE), 2010 4th 
International Conference on. 2010. 
31. University, C. Carbon Fibers Make Tiny, Cheap Video Displays. ScienceDaily. 
2006, August 22; Available from: 
www.sciencedaily.com/releases/2006/08/060822121001.htm. 
32. Wang, C.-l. and Y.-m. Qi. Application of Carbon Fiber Sheet in Extensional 
Reinforced Beams. in Intelligent Information Technology Application 
Workshops, 2009. IITAW '09. Third International Symposium on. 2009. 
33. Yu, M.-F., et al., Strength and breaking mechanism of multiwalled carbon 
nanotubes under tensile load. Science, 2000. 287(5453): p. 637-640. 
34. Cao, A., et al., Super-Compressible Foamlike Carbon Nanotube Films. 
Science, 2005. 310(5752): p. 1307-1310. 
35. Desai, S., A. Netravali, and M. Thompson, Carbon fibers as a novel material 
for high-performance microelectromechanical systems (MEMS). Journal of 
Micromechanics and Microengineering, 2006. 16(7): p. 1403. 
122 
36. Dresselhaus Mildred S., Dresselhaus Gene, and A. Phaedon, Carbon 
nanotubes. 2001, Springer. p. 448. 
37. Saito, R., et al., Cutting lines near the Fermi energy of single-wall carbon 
nanotubes. Physical Review B, 2005. 72(15): p. 153413. 
38. Hamada, N., S.-i. Sawada, and A. Oshiyama, New one-dimensional 
conductors: Graphitic microtubules. Physical Review Letters, 1992. 68(10): p. 
1579-1581. 
39. Ando, T., Excitons in Carbon Nanotubes. Journal of the Physical Society of 
Japan, 1997. 66(4): p. 1066-1073. 
40. Saito, R., et al., Electronic structure of chiral graphene tubules. Applied 
Physics Letters, 1992. 60(18): p. 2204-2206. 
41. Dresselhaus, M.S., G. Dresselhaus, and R. Saito, Physics of carbon nanotubes. 
Carbon, 1995. 33(7): p. 883-891. 
42. Bellucci, S. and P. Onorato, Transport Properties in Carbon Nanotubes, in 
Physical Properties of Ceramic and Carbon Nanoscale Structures. 2011, 
Springer. p. 45-109. 
43. Awano, Y., et al. Carbon nanotubes for VLSI: Interconnect and transistor 
applications. in VLSI Technology, Systems and Applications (VLSI-TSA), 2011 
International Symposium on. 2011. 
44. Cole, M. and W. Milne, Plasma Enhanced Chemical Vapour Deposition of 
Horizontally Aligned Carbon Nanotubes. Materials, 2013. 6(6): p. 2262-2273. 
45. Meyyappan, M., A review of plasma enhanced chemical vapour deposition of 
carbon nanotubes. Journal of Physics D: Applied Physics, 2009. 42(21): p. 
213001. 
46. Ghorannevis, Z., et al., Narrow-Chirality Distributed Single-Walled Carbon 
Nanotube Growth from Nonmagnetic Catalyst. Journal of the American 
Chemical Society, 2010. 132(28): p. 9570-9572. 
47. Hata, K., et al., Water-Assisted Highly Efficient Synthesis of Impurity-Free 
Single-Walled Carbon Nanotubes. Science, 2004. 306(5700): p. 1362-1364. 
48. Bell, M.S., et al., Carbon nanotubes by plasma-enhanced chemical vapor 
deposition. Pure and Applied Chemistry, 2006. 78(6): p. 1117-1125. 
49. Maruyama, S., CVD Generation of Single-Walled Carbon Nanotubes from 
Alcohol. JOURNAL-SURFACE SCIENCE SOCIETY OF JAPAN., 2004. 
25(6): p. 318-325. 
123 
50. Keidar, M., et al., Mechanism of carbon nanostructure synthesis in arc 
plasmaa). Physics of Plasmas (1994-present), 2010. 17(5): p. -. 
51. Nikolaev, P., et al., Gas-phase catalytic growth of single-walled carbon 
nanotubes from carbon monoxide. Chemical Physics Letters, 1999. 313(1–2): 
p. 91-97. 
52. Wang, B., et al., Pressure-Induced Single-Walled Carbon Nanotube (n,m) 
Selectivity on Co−Mo Catalysts. The Journal of Physical Chemistry C, 2007. 
111(40): p. 14612-14616. 
53. Wang, Y., et al., Direct Enrichment of Metallic Single-Walled Carbon 
Nanotubes Induced by the Different Molecular Composition of Monohydroxy 
Alcohol Homologues. Small, 2007. 3(9): p. 1486-1490. 
54. Ding, L., et al., Selective Growth of Well-Aligned Semiconducting Single-
Walled Carbon Nanotubes. Nano Letters, 2009. 9(2): p. 800-805. 
55. Endo, M., et al., Vapor-grown carbon fibers (VGCFs): Basic properties and 
their battery applications. Carbon, 2001. 39(9): p. 1287-1297. 
56. Li, X., et al., Large-area synthesis of high-quality and uniform graphene films 
on copper foils. Science, 2009. 324(5932): p. 1312-1314. 
57. Homma, Y., Gold Nanoparticles as the Catalyst of Single-Walled Carbon 
Nanotube Synthesis. Catalysts, 2014. 4(1): p. 38-48. 
58. Lee, S.-H. and G.-H. Jeong, Effect of catalytic metals on diameter-controlled 
growth of single-walled carbon nanotubes: Comparison between Fe and Au. 
Electronic Materials Letters, 2012. 8(1): p. 5-9. 
59. Kazuki, Y., K. Hiroki, and H. Yoshikazu, Narrow Diameter Distribution of 
Horizontally Aligned Single-Walled Carbon Nanotubes Grown Using Size-
Controlled Gold Nanoparticles. Japanese Journal of Applied Physics, 2013. 
52(3R): p. 035105. 
60. Bethune, D.S., et al., Cobalt-catalysed growth of carbon nanotubes with 
single-atomic-layer walls. Nature, 1993. 363(6430): p. 605-607. 
61. Kong, J., A.M. Cassell, and H. Dai, Chemical vapor deposition of methane for 
single-walled carbon nanotubes. Chemical Physics Letters, 1998. 292(4–6): p. 
567-574. 
62. Sato, S., et al., Carbon nanotube growth from titanium–cobalt bimetallic 
particles as a catalyst. Chemical Physics Letters, 2005. 402(1–3): p. 149-154. 
124 
63. Volotskova, O., et al., Single-step synthesis and magnetic separation of 
graphene and carbon nanotubes in arc discharge plasmas. Nanoscale, 2010. 
2(10): p. 2281-2285. 
64. Santhosh, C., et al., Growth of Carbon Nanotubes Using MgO Supported Mo-
Co Catalysts by Thermal Chemical Vapor Deposition Technique. Journal of 
Nano Research, 2013. 24: p. 46-57. 
65. Makris, T.D., et al., CVD synthesis of carbon nanotubes on different substrates, 
in Carbon Nanotubes. 2006, Springer. p. 59-60. 
66. Lee, C.J., J. Park, and J.A. Yu, Catalyst effect on carbon nanotubes synthesized 
by thermal chemical vapor deposition. Chemical Physics Letters, 2002. 360(3–
4): p. 250-255. 
67. Kim, N.D., et al., Growth and Transfer of Seamless 3D Graphene–Nanotube 
Hybrids. Nano Letters, 2016. 16(2): p. 1287-1292. 
68. Raty, J.-Y., F. Gygi, and G. Galli, Growth of Carbon Nanotubes on Metal 
Nanoparticles: A Microscopic Mechanism from <i>Ab Initio</i> Molecular 
Dynamics Simulations. Physical Review Letters, 2005. 95(9): p. 096103. 
69. Tsakadze, Z.L., et al., Plasma-assisted self-organized growth of uniform 
carbon nanocone arrays. Carbon, 2007. 45(10): p. 2022-2030. 
70. Madani, S., et al., Synthesis of carbon nanotubes using the cobalt nanocatalyst 
by thermal chemical vapor deposition technique. Journal of Alloys and 
Compounds, 2015. 648: p. 1104-1108. 
71. Sanchez-Valencia, J.R., et al., Controlled synthesis of single-chirality carbon 
nanotubes. Nature, 2014. 512(7512): p. 61-64. 
72. Treacy, M.M.J., T.W. Ebbesen, and J.M. Gibson, Exceptionally high Young's 
modulus observed for individual carbon nanotubes. Nature, 1996. 381(6584): 
p. 678-680. 
73. Lu, J.P., Elastic properties of carbon nanotubes and nanoropes. Physical 
Review Letters, 1997. 79(7): p. 1297. 
74. Qiu, M., et al., Band gap opening and semiconductor–metal phase transition 
in (n, n) single-walled carbon nanotubes with distinctive boron–nitrogen line 
defect. Physical Chemistry Chemical Physics, 2016. 
75. Mohsin, K., et al., A Thermal Model for Carbon Nanotube Interconnects. 
Nanomaterials, 2013. 3(2): p. 229-241. 
125 
76. Yao, Z., C.L. Kane, and C. Dekker, High-Field Electrical Transport in Single-
Wall Carbon Nanotubes. Physical Review Letters, 2000. 84(13): p. 2941-2944. 
77. Kuzmany, H., et al., Physics and chemistry inside nanotubes. Fullerenes 
Nanotubes and Carbon Nanostructures, 2005. 13: p. 179-188. 
78. Liew, K., Z. Lei, and L. Zhang, Mechanical analysis of functionally graded 
carbon nanotube reinforced composites: a review. Composite Structures, 
2015. 120: p. 90-97. 
79. Inukai, S., et al., High-performance multi-functional reverse osmosis 
membranes obtained by carbon nanotube· polyamide nanocomposite. 
Scientific reports, 2015. 5. 
80. Gu, D., et al., Controllable Synthesis of Mesoporous Peapod‐like Co3O4@ 
Carbon Nanotube Arrays for High‐Performance Lithium‐Ion Batteries. 
Angewandte Chemie International Edition, 2015. 54(24): p. 7060-7064. 
81. Ziegler, K.J., et al., Controlled oxidative cutting of single-walled carbon 
nanotubes. J Am Chem Soc, 2005. 127(5): p. 1541-7. 
82. Gonçalves, P.P., et al., Automated high-throughput screening of carbon 
nanotube-based bio-nanocomposites for bone cement applications. Pure and 
Applied Chemistry, 2011. 83(11): p. 2063-2069. 
83. Islam, A.E., Variability and reliability of single-walled carbon nanotube field 
effect transistors. Electronics, 2013. 2(4): p. 332-367. 
84. Qi, P., et al., Toward Large Arrays of Multiplex Functionalized Carbon 
Nanotube Sensors for Highly Sensitive and Selective Molecular Detection. 
Nano Letters, 2003. 3(3): p. 347-351. 
85. Kang, S.J., et al., High-performance electronics using dense, perfectly aligned 
arrays of single-walled carbon nanotubes. Nat Nano, 2007. 2(4): p. 230-236. 
86. Wang, C., et al., Radio Frequency and Linearity Performance of Transistors 
Using High-Purity Semiconducting Carbon Nanotubes. ACS Nano, 2011. 5(5): 
p. 4169-4176. 
87. Franklin, A.D., et al., Current Scaling in Aligned Carbon Nanotube Array 
Transistors With Local Bottom Gating. Electron Device Letters, IEEE, 2010. 
31(7): p. 644-646. 
88. Franklin, A.D., et al., Carbon Nanotube Complementary Wrap-Gate 
Transistors. Nano Letters, 2013. 13(6): p. 2490-2495. 
126 
89. NASA. Super-Black Nano-Coating to Be Tested for the First Time in Space. 
2014  August 12]; Available from: 
http://www.nasa.gov/content/goddard/super-black-nano-coating-to-be-tested-
for-the-first-time-in-space/. 
90. Hong, G., et al., Through-skull fluorescence imaging of the brain in a new 
near-infrared window. Nat Photon, 2014. 8(9): p. 723-730. 
91. Zhang, J., et al., Multiplexing radiography using a carbon nanotube based x-
ray source. Applied Physics Letters, 2006. 89(6): p. -. 
92. Byeong Gyun, K., et al., A tunable carbon nanotube polarizer. 
Nanotechnology, 2010. 21(40): p. 405202. 
93. Cole, M.T., et al., In-situ deposition of sparse vertically aligned carbon 
nanofibres on catalytically activated stainless steel mesh for field emission 
applications. Diamond and Related Materials, 2012. 23(0): p. 66-71. 
94. Butt, H., et al., Carbon Nanotube Based High Resolution Holograms. 
Advanced Materials, 2012. 24(44): p. OP331-OP336. 
95. Rajasekharan, R., et al., Nanophotonic Three-Dimensional Microscope. Nano 
Letters, 2011. 11(7): p. 2770-2773. 
96. Ajiki, H. and T. Ando, Carbon nanotubes as quantum wires on a cylinder 
surface. Solid State Communications, 1997. 102(2–3): p. 135-142. 
97. Jieying, L., et al., Compact Model for Carbon Nanotube Field-Effect 
Transistors Including Nonidealities and Calibrated With Experimental Data 
Down to 9-nm Gate Length. Electron Devices, IEEE Transactions on, 2013. 
60(6): p. 1834-1843. 
98. de Heer, W.A., et al., Electron field emitters based on carbon nanotube films. 
Advanced Materials, 1997. 9(1): p. 87-89. 
99. Gamaly, E.G. and T.W. Ebbesen, Mechanism of carbon nanotube formation in 
the arc discharge. Physical Review B, 1995. 52(3): p. 2083-2089. 
100. Sano, N., et al., Controlled Syntheses of Various Palladium Alloy 
Nanoparticles Dispersed in Single-Walled Carbon Nanohorns by One-Step 
Formation Using an Arc Discharge Method. Industrial & Engineering 
Chemistry Research, 2014. 53(12): p. 4732-4738. 
101. Beilis, I.I. and R.L. Boxman, Metallic film deposition using a vacuum arc 
plasma source with a refractory anode. Surface and Coatings Technology, 
2009. 204(6–7): p. 865-871. 
127 
102. Kolacinski, Z., L. Szymanski, and G. Raniszewski, LTE plasma reactors for 
materials conversion. The European Physical Journal - Applied Physics, 2013. 
61(02): p. 24314. 
103. Smalley, R.E., From dopyballs to nanowires. Materials Science and 
Engineering: B, 1993. 19(1–2): p. 1-7. 
104. Journet, C., et al., Large-scale production of single-walled carbon nanotubes 
by the electric-arc technique. Nature, 1997. 388(6644): p. 756-758. 
105. Senthil Kumar, M., et al., DC electric field assisted alignment of carbon 
nanotubes on metal electrodes. Solid-State Electronics, 2003. 47(11): p. 2075-
2080. 
106. Kunitoshi Yamamoto, Seiji Akita, and Yoshikazu Nakayama, Orientation of 
Carbon Nanotubes Using Electrophoresis. Japanese Journal of Applied 
Physics, 1996. 35(7B): p. L917. 
107. Kunitoshi, Y., A. Seiji, and N. Yoshikazu, Orientation and purification of 
carbon nanotubes using ac electrophoresis. Journal of Physics D: Applied 
Physics, 1998. 31(8): p. L34. 
108. Kong, J., et al., Nanotube Molecular Wires as Chemical Sensors. Science, 
2000. 287(5453): p. 622-625. 
109. Kramberger, C., et al., Assignment of chiral vectors in carbon nanotubes. 
Physical Review B, 2003. 68(23): p. 235404. 
110. Oyama, Y., et al., Photoluminescence intensity of single-wall carbon 
nanotubes. Carbon, 2006. 44(5): p. 873-879. 
111. Kundrapu, M. and M. Keidar, Numerical simulation of carbon arc discharge 
for nanoparticle synthesis. Physics of Plasmas, 2012. 19(7): p. 073510-9. 
112. Kundrapu, M., et al., Simulation of Carbon Arc Discharge for the Synthesis of 
Nanotubes. Plasma Science, IEEE Transactions on, 2011. 39(11): p. 2876-
2877. 
113. Lowke, J.J., Simple theory of free-burning arcs. Journal of Physics D: Applied 
Physics, 1979. 12(11): p. 1873. 
114. Langmuir, I., The Vapor Pressure of Metallic Tungsten. Physical Review, 
1913. 2(5): p. 329-342. 
115. Benilov, M.S. and M.D. Cunha, Joule heat generation in thermionic cathodes 
of high-pressure arc discharges. Journal of Applied Physics, 2013. 113(6): p. 
-. 
128 
116. Anders, A., The evolution of ion charge states in cathodic vacuum arc plasmas: 
a review. Plasma Sources Science and Technology, 2012. 21(3): p. 035014. 
117. Sahoo, R., H. Mamgain, and C. Jacob, Influence of hydrogen on chemical 
vapour synthesis of different carbon nanostructures using propane as 
precursor and nickel as catalyst. Bulletin of Materials Science, 2014. 37(6): p. 
1197-1204. 
118. Niyogi, S., et al., Spectroscopy of covalently functionalized graphene. Nano 
letters, 2010. 10(10): p. 4061-4066. 
119. Dresselhaus, M.S., et al., Perspectives on carbon nanotubes and graphene 
Raman spectroscopy. Nano letters, 2010. 10(3): p. 751-758. 
120. De Wolf, I., Micro-Raman spectroscopy to study local mechanical stress in 
silicon integrated circuits. Semiconductor Science and Technology, 1996. 
11(2): p. 139. 
121. Grigorjeva, L., et al., Characterization of hydroxyapatite by time-resolved 
luminescence and FTIR spectroscopy. IOP Conference Series: Materials 
Science and Engineering, 2013. 49(1): p. 012005. 
122. Ling, X.-L., et al., Preparation and characterization of hydroxylated multi-
walled carbon nanotubes. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 2013. 421: p. 9-15. 
123. Zeng, W., et al., Facile Synthesis of Graphene@NiO/MoO3 Composite 
Nanosheet Arrays for High-performance Supercapacitors. Electrochimica 
Acta, 2015. 151: p. 510-516. 
124. Wang, Y. and L. Chen, Analysis of malachite green in aquatic products by 
carbon nanotube-based molecularly imprinted – matrix solid phase dispersion. 
Journal of Chromatography B, 2015. 1002: p. 98-106. 
125. Sutton, C.C., G. da Silva, and G.V. Franks, Modeling the IR Spectra of Aqueous 
Metal Carboxylate Complexes: Correlation between Bonding Geometry and 
Stretching Mode Wavenumber Shifts. Chemistry–A European Journal, 2015. 
21(18): p. 6801-6805. 
126. Howe, J.Y., et al., Improved crystallographic data for graphite. Powder 
diffraction, 2003. 18(02): p. 150-154. 
127. Belin, T. and F. Epron, Characterization methods of carbon nanotubes: a 
review. Materials Science and Engineering: B, 2005. 119(2): p. 105-118. 
129 
128. Langford, J.I. and A. Wilson, Scherrer after sixty years: a survey and some 
new results in the determination of crystallite size. Journal of Applied 
Crystallography, 1978. 11(2): p. 102-113. 
129. Das, R., et al., Carbon Nanotubes Characterization by X-ray Powder 
Diffraction–A Review. Current Nanoscience, 2015. 11(1): p. 23-35. 
130. Faraji, S., et al., Structural annealing of carbon coated aligned multi-walled 
carbon nanotube sheets. Carbon, 2014. 79: p. 113-122.  
